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Process intensiﬁcationAbstract Accelerated Solvent Extraction (ASE) and Dynamic Maceration (DM) were used with n-
hexane to study the extraction of oil from date seed powders with different particle sizes. The inten-
siﬁcation was studied with instant controlled pressure drop (DIC) as texturing pretreatment. DM
yields increased from 4.57% to 10.49 ± 0.05% dry–dry basis (ddb) when particle size decreased
from 1.4 to 0.2 mm. For coarsely grounded seed powder, ASE oil yields were 11.35 ± 0.05%
ddb and 14.15% ddb for untreated and DIC date-seeds, respectively. Optimized DIC pretreatment
allowed the smallest particle size powder to get 15.2 ± 0.05% ddb as ASE yields, while the 2-h DM
yields increased from 4.67 to 11.62 ± 0.05% ddb for particle size decreased from 1.4 to 0.2 mm,
respectively. Fundamental analysis of various powders was achieved through washing–diffusion
phenomenological model. DIC texturing implied higher washing stage, with relative starting
accessibility %dYs of 70% against 55% for untreated particles. Consequently, the diffusion stage: case of
2 K. Bouallegue et al.
Please cite this article in press as: Bouallegue
date seeds (Phoenix dactylifera L.). Arabiantime was dramatically reduced, without great modiﬁcation of effective diffusivity Deff value.
Therefore, DIC ground seeds greatly enhanced the mass transfer mechanism. The evaluation of
starting accessibility dYs enables to establish an empirical relationship between dYs and particle
diameter dYs = f(D). Finally, DIC texturing did not imply any modiﬁcation of the lipid proﬁle.
ª 2015 TheAuthors. Production and hosting by Elsevier B.V. on behalf ofKing SaudUniversity. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. State of art
Date palm, with a botanical name that probably derived from
Phoenician as Phoenix dactylifera L., belongs to the family of
Palmaceae with about 235 genres and 400 species (Munier,
1973). Date palm is a tree of arid and semi-arid native hot
and humid countries but it has a wide capacity of adaptation.
It is mainly located in northern Africa and the Middle East as
well as west Asia and United States. According to the Food
and Agriculture Organization of the United Nations (FAO,
2010), the annual world production of date is estimated at
7 million tons (MT), from which seeds represent about 1 mil-
lion tons.
Tunisia is one of the main date producers with about
125000 tons/years with 60% of ‘‘Deglet Nour’’ variety
(Rhouma, 1993). Hence around 17 5000 tons of date seeds
could be recovered and used as by-products thanks to their
content of fatty acid, protein and high dietary ﬁber (Besbes
et al., 2004a).
Nowadays date seeds are barely used for animal feeding
and generally thrown away. The losses usually are higher than
30% of the whole production, which represents a huge tonnage
near to 8700 tons/year of date seeds in Tunisia (Borchani et al.,
2010). It is important to note that date seed plays an important
part in date advantages. It contains more oil than date ﬂesh,
with some nutrient compounds (Al-Qarawi et al., 2003;
Briones et al., 2011; Aris et al., 2013). Indeed, date seeds con-
tain between 5 and 12 g of oil/100 g db (dry basis) whereas date
ﬂesh does not exceed 0.5% db of oil depending on the raw
material composition and processing conditions (Al-Hooti
et al., 1997; Hamada et al., 2002; Besbes et al., 2005; Habib
and Ibrahim, 2008).
It has been reported that date seed oil is composed of about
44% of saturated fatty acids, 41% of monounsaturated fatty
acids and 14% of polyunsaturated fatty acid (Besbes et al.,
2004a). The common composition of fatty acids is character-
ized by the presence of four main compounds including oleic
acid (41–50%), linoleic acid (12–19%), lauric acid (10–15%),
and palmitic acid (10–11%) (Besbes et al., 2004b; Rahman
et al., 2007; Nehdi et al., 2010; Aris et al., 2013); Oleic acid
is reported to be used as a good anti-inﬂammatory drug and
has fundamental role in cardiovascular disease prevention
(Larrucea et al., 2001), while lauric acid has various medicinal,
therapeutic (antibiotic and antiviral effects), and nutritional
virtues (Desbois, 2012). Furthermore, Devshony et al., (1992)
have proved that linoleic acid of date seed oil had good poten-
tial as cosmetic products. Since date seeds are rich in extracti-
ble components, they are regarded as real potentially economic
source once they are valorized., K. et al., Phenomenological modeling
Journal of Chemistry (2015), http://dx.The main issue in developing date seed valuing is strictly
correlated to oil extraction limits, in the main part from the
hardness and compactness of its matrix. Thus press process
for oil extraction is difﬁcult to apply. Moreover, since the oil
content is quite low, solvent extraction remains the only
appropriate tool for this type of material. However, the most
conventional solvent extraction technologies such as macera-
tion require high solvent consumption and long extraction
time (Besbes et al., 2005). The main issue in this case is the slow
diffusion of solvent and solute through the solid and the core
successively (Allaf et al., 2011). One of the most famous solu-
tions was the use of super or sub-critical ﬂuids as non-conven-
tional solvents (Aris et al., 2013). Other very effective solutions
have concerned some pretreatments such as grinding or textur-
ing. Besides, the efﬁciency of solvent processes can be
enhanced with ultrasound (Pan et al., 2011), microwaves
(Chemat and Cravotto, 2013), accelerated solvent extraction,
etc. However these treatments trigger technical difﬁculties at
industrial level and/or economic constraints. Thus, these
operations were only successfully conducted at laboratory or
pilot scales. Thus, scientists are attempting to adapt extraction
processes to meet these strategic requirements.
Instant Controlled drop pressure (DIC) treatment is used
for texturing. Since DIC treatment involves a high temperature
short-time treatment of the product followed by an ‘instant’
decompression toward a vacuum (Ben Amor and Allaf,
2009; Allaf and Allaf, 2014), it frequently results in controlled
expansion, and allows the modiﬁcation of the matrix
microstructure. Thus technological abilities of DIC-treated
plants are usually improved vis-a`-vis the solid–liquid interac-
tion. It can also preserve the molecular proﬁle, even for
heat-sensitive compounds.
1.2. Fundamental (kinetic modeling)
The fundamental phenomenological study of solvent extrac-
tion process was achieved through the two-stage kinetic model,
which implies both ‘‘washing stage’’ (solvent/exchange surface
interaction) and ‘‘effective diffusion’’ within the matrix. This
allows identifying the limiting phenomenon and advising ade-
quate technological solutions. Enhancements can then be
divulged through the starting accessibility and effective
diffusivity (Allaf et al., 2014).
The intensiﬁcation of solvent extraction is usually ﬁrstly
performed by increasing the external interaction between sol-
vent and solid surface (washing) triggering the solute on the
surface removal. The amount of solute able to be extracted
ms depends on the nature of solvent and desired solute, the
exchange surface, and the temperature. The extraction rate
of solute extracted from the surface can be revealed by the fol-
lowing equation:and intensiﬁcation of texturing/grinding-assisted solvent oil extraction: case of
doi.org/10.1016/j.arabjc.2015.03.014
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dt
¼ KSðwsat  wsolvÞ ð1Þ
where:
ms: is the mass of solute (kg of solute);
K: is the solvent mass convection rate (kg of solvent m2 s1)
depending on the stirring velocity and temperature.
S: is the exchange surface area (m2) between the solvent and
the solid, normally affected by grinding;
wsat: is the dissolving coefﬁcient at equilibrium (kg of solute
per kg of solvent);
wsolv: is the solute dissolved in the bulk solvent (kg of solute
per kg of solvent).
The density of solute from the surface per unit of dry mat-
ter is
dYs
dt
¼ KSuðwsat  wsolvÞ ð2Þ
where Su is the speciﬁc interaction surface related to 1 kg of
dry basis and Ys is the density per unit of dry matter of solute
extracted by interaction between the solvent and the surface of
the product (kg of solute per kg of dry matter or % db).
This stage of extraction process can be enhanced by the
following:
 Agitation/stirring implying more solvent convection, which
increases the value of K.
 Grinding/crushing of material, to increase the interaction
surface.
 Heating, because higher temperature normally increases the
dissolution ability of solute in the solvent.
Once this external intensiﬁcation is performed, internal dif-
fusion becomes the limiting phenomenon. Most of solvent
extraction operations are then regimented by the complex phe-
nomena of solvent penetration in the solid, dissolution of
solute in the solvent, and diffusion of solute in the internal sol-
vent within the solid matrix. Thus, the driving force of these
transfer phenomena can be assumed as a gradient of density
ratio (Allaf et al., 2011).
qe
qmatrix
ð~ve ~vmatrixÞ ¼ Deff ~r qeqmatrix
 
ð3Þ
where:
 ð~ve ~vmatrixÞ is the relative velocity of the solute (m s1) to
solid dry material, (m s1).
 qe is the apparent density of the solute within the porous
solid, (kg m3).
Because of the absence of expansion, shrinkage . . . ,
vmatrix = 0 and qmatrix = constant.
qe~ve ¼ Deff ~rqe ð4Þ
Through this formulation of both Eqs. (2) and (4), the wash-
ing/diffusion model developed by (Allaf et al., 2014) has the
advantage to simplify the insertion of the solute movement
within the solvent in the porous solid matrix. Extraction pro-
cess kinetics should be analyzed through two stages of:
1. ‘‘washing’’; disclosed by the starting accessibility dYs
(expressed in kg of extract per kg of dry material): it is
the amount of extract removed in very short time (t nearPlease cite this article in press as: Bouallegue, K. et al., Phenomenological modeling
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the solvent and the exchanging surface takes place over this
short time frame. The external solvent dissolves the super-
ﬁcial solute. The intensiﬁcation of this stage should imply
a dynamic convection (Amor et al., 2008; Ben Amor and
Allaf, 2009) instead of external diffusion.
2. and an internal diffusion. Since the ‘‘washing’’ stage
removes some part of solute from the sample surface, a
solute gradient takes place between the core and surface
of the matrix. This acts as a driving force of the internal
effective diffusion of solute in the solvent within the porous
matrix solids (Allaf, 2009). Deff (m
2 s1) acts as the effective
diffusivity of a similar Fick’s law (Allaf et al., 2011).
The whole extraction process involved in the ﬁrst stage (sol-
vent interacting with the exchange surface) does not have to be
involved in the diffusion model part.
By adding continuity to Fick’s-type law (Allaf et al., 2011)
and by assuming the homogeneity of both temperature and
structure within the matrix, (Mounir and Allaf, 2008) pro-
posed effective diffusivity Deff constant; Eq. (4) becomes
@qe
@t
¼ Deff @
2qe
@r2
ð5Þ
where r is the spherical coordinate. We opted to reveal the
main solutions required for this diffusion model from the stan-
dard Crank’s solutions. It is worth noting that the experimen-
tal data to be considered are that involving the only effective
diffusion (t> t0).
ðY1  YÞ
ðY1  Yt¼toÞ ¼
X1
i¼1
6
i2p2
exp  i
2p2
d2p
Deffðt t0Þ
 !
ð6Þ
By limiting this series to its ﬁrst-term approach, Crank’s solu-
tion for the spherical form of solid becomes
ðY1  YÞ
ðY1  Yt¼toÞ ¼ expðkðt t0ÞÞ ð7Þ
Ln
ðY1  YÞ
ðY1  Yt¼toÞ
 
¼ kðt t0Þ ð8Þ
Y: The quantity of extracted solute (oil) at time t (kg/kg ddb),
Y1: The maximal quantity of extracted solute (oil) Y when
tﬁ1,
Yt=to: The quantity of solute (oil) at the beginning of the
stage only concerned by the internal diffusion stage.
The correspondence between experimental data and model-
diffusion is performed to calculate the effective diffusivity Deff
using Crank polynomial expression:
Deff ¼ dp k ð9Þ
Extrapolation of this diffusion model until t= 0 min can be
used to determine the theoretical diffusion value Y0. The dif-
ference between this calculated value Y0 and the initial experi-
mental value Yi = 0 corresponds to the starting accessibility
on a dry–dry basis (ddb) (matrix from which water and solute
(oil) are removed):
dYs ¼ Yo  Yi ¼ Yo ð10Þand intensiﬁcation of texturing/grinding-assisted solvent oil extraction: case of
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Figure 1 Protocol for the extraction of oil from Tunisian date seeds.
Figure 2 Temperature and pressure history of a DIC processing
cycle.
4 K. Bouallegue et al.2. Materials and methods
2.1. RM and chemicals
Date seeds were acquired from the National Institute of Arid
Zone (Degache, Tunisia). Initial water content Wi was mea-
sured 8%± 0.2 dry basis (db). Dried seeds were isolated from
full ripeness date fruit ‘‘Tamr stage’’.
n-Hexane was the only solvent we used for oil extraction. It
was purchased from Carlo Erba (Val de Reuil, France) with
99.99% purity.
2.2. Treatment operations
The protocol of the treatment operations including assess-
ments is illustrated in Fig. 1.
2.2.1. Sorting and cleaning
Date seeds were separated from the fruit manually. They were
washed with distilled water to free them of any adhering date
ﬂesh and then dried (12 h) at about 40 C. After drying, the
seeds were stored in sealed polythene bags.
2.2.2. Grinding and sieving
10 kg of date seeds were ground in a heavy-duty grinder
(National Institute of Arid Zone Degach, Tunisia) for 3 min.
After grinding, the particle sizes of powders were measured
by screening with a sieve machine (FRITSCH, Germany), with
1.5 mm as amplitude for 10 min of sieving time. Particle sizes
were ranged from 0.2 to 1.4 mm. An appropriate quantity of
powdered date seeds was kept at 4 C.
2.2.3. Instant controlled pressure drop
2.2.3.1. Equipment and laboratory scale unit. The experimental
DIC setup is composed of three main elements: (1) A high-
temperature; high-pressure treatment vessel, with a suitablePlease cite this article in press as: Bouallegue, K. et al., Phenomenological modeling
date seeds (Phoenix dactylifera L.). Arabian Journal of Chemistry (2015), http://dx.heating gas; (2) A vacuum system with a vacuum tank with
a volume 100 times greater than the processing vessel, and
an adequate vacuum pump for maintaining an initial vacuum
level of about 5 kPa in all the experiments; and (3) An instant
opening pneumatic valve between the vacuum tank and the
processing vessel; it can be opened in less than 0.2 s; this
ensures the abrupt pressure drop within the treatment vessel.
A data acquisition and automation system takes into
account pressure, temperature, and time parameters. It is con-
nected to a personal computer, establishing combination with
the manual control of the system.
2.2.3.2. Treatment operating parameters. Dried powder of date
seeds (50 g) at 8 ± 0.2% db (dry basis), was ﬁrstly placed in
the DIC treatment vessel (between 20 and 70 s). A ﬁrst vacuumand intensiﬁcation of texturing/grinding-assisted solvent oil extraction: case of
doi.org/10.1016/j.arabjc.2015.03.014
Phenomenological modeling of Solvent Extraction 5stage was established in order to reduce the resistance between
the exchange surface and the saturated steam, which acts
instantaneously (in less than 1 s) as a heating ﬂuid by con-
densation. Heat transfer inside the raw material is performed
by effective conduction, strictly correlated with condensed
water diffusion.
An abrupt pressure drop toward a vacuum systematically
follows the thermal treatment. It results in an instant autova-
porization inducing an ‘‘instant’’ cooling of the solid material.
After their DIC texturing, date seeds were recovered and ready
for extraction (Fig. 2).
2.2.3.3. Experimental design.We ﬁrst carried out some prelimi-
nary experiments to identify the global impact of the texturing
treatment, the most important operative parameters, and their
ranges. The main operative parameters were the steam pres-
sure P and the thermal treatment time t. P was ranged between
0.1 and 0.7 MPa and t from 20 to 70 s. This time should assure
the homogeneity of both temperature and water content inside
the particle. Optimization of DIC operating parameters was
performed using Response Surface Methodology (RSM) with
a 2-parameter, 5-level central composite experimental design.
Thus we could reduce the experimental trials to 13 implying
2k = 4 factorial points; 2k= 4 star points with ﬁve repetitions
for the central point; k is the number of operating parameters
used in the experimental design (Table 1).
The experiments were run in random in order to minimize
the effects of unexpected errors due to extraneous factors.
a ¼ ﬃﬃﬃn4p ¼ ﬃﬃﬃﬃ2k4p ð11Þ
In the present case, k= 2, the number of factorial trials is
n= 4 and a= 1.414213562.
Various extraction process parameters such as yields and
kinetic model parameters, were assessed and considered as
the responses (dependent variables). Their values were intro-
duced in the analysis design procedure of Statgraphics
Software (MANUGISTICS Inc., Rockville, USA). It enables
the interpretation of the results, optimization of the treatment
by multidimensional ways through recognizing the measured
response variables Y by ﬁtted second order polynomial models
versus operating parameters Xi as factors:
Y ¼ b0 þ
Xk
i¼1
bivi þ
Xk
i¼1
biiv
2
i þ
Xk1
i¼1
Xk
j¼2
bijvivj þ E ð12Þ
where bii, bij, bi: are regression coefﬁcients, e: is the random
error, and i and j: are the indices of factors.
RSM empirical polynomial model is used to optimize the
factors. Experimental results allow determining the ANalyses
Of VAriance (ANOVA), which are performed to determineTable 1 Independent variables and ranges used in Response
Surface Methodology (RSM) and Design of Experiments
(DoE).
Coded level a 1 0 +1 +a
Saturated steam pressure (MPa) 0.2 0.29 0. 5 0.71 0.8
Processing time (s) 20 27 45 63 70
Since we used an orthogonal factorial design, a is the axial distance:
a= 1.41421.
Please cite this article in press as: Bouallegue, K. et al., Phenomenological modeling
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the adequacy and the signiﬁcance of the model are analyzed
by estimating the lack of correspondence, Fisher test value
(F-value) and R2 from the evaluation of ANOVA. The
independent variables have a statistical signiﬁcance here
proved at 5% probability level (p< 0.05) and revealed
through Pareto chart. Then to build response surface, the soft-
ware uses the quadratic model equation.
2.2.4. Solvent extraction
The study of the impact of particle size as well as texturing by
DIC on oil extraction was performed by determining the yields
using Accelerated Solvent Extraction (ASE), and the kinetics
through Dynamic Maceration (DM); both using n-hexane as
solvent.
2.2.4.1. Dynamic Maceration (DM). The Dynamic Maceration
(DM) was performed in an extraction batch with stirring. A
quantity of 1.5 g of concerned powder was added to 15 ml of
n-hexane. A magnetic stirring at 400 rpm assured the
homogeneity and intensiﬁcation of the operation. The extrac-
tion was replicated many times, and different interval times
were used to establish the kinetics.
Extracts were syringed and ﬁltered at 0.2 lm PTFE ﬁlters.
The obtained mixture (hexane/oil solutions) was separated
under vacuum by nitrogen ﬂow.2.2.4.2. Accelerated Solvent Extraction (ASE). Hexane ASE
oil extraction was optimized by Kraujalis et al. (2013). In the
present work, ASE was a Dionex ASE 350 system (Thermo
Fisher scientiﬁc, Sunnyvale, CA, USA). The suitable ASE con-
ditions were deﬁned after preliminary tests. Samples of 7 g of
date seed powder were mixed with 1 or 2 g of diatomaceous
earth and placed in a 34 ml/2.9 cm diameter stainless-cell.
Typically, solvent presented 60% of the cell volume.
ASE treatment normally started by a 5 min heating time to
let cell temperature reach 100 C at 10 MPa. These conditions
allow hexane to remain in liquid phase. ASE process was per-
formed for 4 cycles of 10 min each.
Then, cell content was purged by nitrogen for 150 s to
remove impurities and collect the extract in the vial. After
removing solvent in a rotary vacuum evaporator at 40 C,
obtained seed oils were drained under a stream of nitrogen
and weighted afterward by analytical balances and ﬁnally
stored in a freezer (4 C) for subsequent chemical analyses.
The oil yields were calculated in g oil/g ddb ± 0.05 g/g ddb
(dry–dry basis); ddb concerns material which excludes both
water and oil contents.
Y ¼ %extract ðddbÞ
¼ weight of extract obtained after extraction
weight of dry dry basis of seeds ðddbÞ ð13Þ2.3. Assessments and characterization
2.3.1. Measure of moisture content
The moisture content of the samples was determined according
to AFNOR (NF V03-708) method. A quantity of 5 g of pow-
der was heated at 105 C for 24 h in an adequate airﬂow oven
(AIR CONCEPT-Fir LABO, AC 60).and intensiﬁcation of texturing/grinding-assisted solvent oil extraction: case of
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Figure 3 Determination of the effective diffusivity Deff and the
starting accessibility dYs from experimental data of DM extraction
kinetics and diffusion model.
6 K. Bouallegue et al.The moisture content was expressed as percentage dry basis
db ± 0.2% db.
A ‘‘Sartorius’’ infrared moisture analyzer was also used
(Matter Toledo LP-16 Infrared Dryer/Moisture Analyzer
(Bishop International Akron, OH – USA). The results
obtained were fairly consistent with those of the oven.
2.3.2. Oil composition
A quantity of 40 mg oil was converted to methyl esters by add-
ing 1 ml of n-hexane followed by 200 ll of sodium methoxide
(2 M). The mixture was maintained at 50 C for 1 h then added
to 200 ll of HCl (2 M). Then, 0.5 ml of distilled water was
added. Therefore, the extracted fatty acid methyl esters
(FAMES) were dissolved in pure hexane and 1 ll was injected
into GC–MS.
GC–MS analyses were performed using Agilent 19091S-433
GC (Gas Chromatography). The instrument was equipped
with a HP-5MS (5% Phenyl Methyl Siloxane) capillary col-
umn (30 m · 350 lm · 0.25 lm). The average of velocity of
the carrier gas (He) was at 37 cm s1. Injection of 1 ll of the
various samples was carried out with a split mode (ratio
1:20) and the injector temperature was set at 270 C. The oven
temperature increased from 70 to 200 C at a rate of 5 C/min,
and from 200 to 260 C at a rate of 2 C/min, to be held at
325 C for 50 min. The mass spectra were recorded at
3 scans/s between 50 and 400 amu. The ionization mode was
electron impact (EI) at 70 eV. Identiﬁcation of common fatty
acids was performed using the NIST’98 [US National
Institute of Standards and Technology (NIST),
Gaithersburg, MD, USA] mass spectral database.2.4. The main Responses for identiﬁcation of extraction
operation
The quantiﬁcation of the intensiﬁcation effects was performed
through yields Y1 (g/g ddb) and kinetics extraction, which
were the starting accessibility dYs (g/g ddb), the effective
diffusivity Deff (m
2 s1), and the Relative Extraction Time
(RET) based on untextured material (%). Yields were issued
from ASE measurements, while kinetic parameters were gath-
ered from the DM data through the phenomenological model
of surface-interaction (washing)/internal diffusion.
Optimization of solvent extraction process aimed at getting
the highest values of Y1, dYs, and Deff, and the lowest value of
RET.
In our study of process modeling, we used at ﬁrst ASE
experimental data to determine the ﬁnal oil yield Y1 in the
relative diffusion extraction:
Y Yto
Y1  Yto
¼ fðtÞ ð14Þ
Experimental data concerning this diffusion stage were
obtained for time t> t0 for which we assumed that diffusion
was the limiting factor. It is worth noting that these concerned
experimental data implied in diffusion model must exclude
those close to the initial time. The last part of the kinetic curve
was also ejected once their evolution versus time is lower than
measurement incertitude points or possibly implying solute
degradation.
The difference between the value Yo calculated by extrapo-
lating the diffusion model until the initial time t= 0 and thePlease cite this article in press as: Bouallegue, K. et al., Phenomenological modeling
date seeds (Phoenix dactylifera L.). Arabian Journal of Chemistry (2015), http://dx.experimental value Yi = 0 corresponds to the starting
accessibility dYs on dry–dry basis (Fig. 3):
dYs ¼ Yo  Yi ¼ Yo  0 ð15Þ3. Results and discussions
3.1. Oil extraction from coarsely ground date seeds
Global approach
The results of oil extraction from coarsely ground date seed
powder are summarized in Table 2. Applied on raw material,
ASE yields were higher than those obtained in 8 h dynamic
maceration (DM). They were 11.35 ± 0.1% and
9.1 ± 0.04% ddb, respectively.
The impacts of DIC texturing conditions were ﬁrst studied
based on ASE oil extraction yields. As expected, yields of ASE
extracted oil from coarsely grounded date seeds were higher
from differently DIC treated seed powders than untreated
raw material, with 14.15 ± 0.08% and 11.35 ± 0.02% ddb,
respectively. Furthermore, similar effects were obtained with
2 h DM oil extraction. Yields were 11.28 ± 0.10% against
7.47 ± 0.04% ddb for DIC textured and untreated powders,
respectively. Hence, adequate texturing by DIC dramatically
increases the availability of plant-based compounds (Ben
Amor and Allaf, 2009; Allaf, 2013). The potentiality of using
DIC treatment as intensifying way of oil extraction can be
more appreciated by introducing Ratio of Total Oil extraction
(RTO). RTO is deﬁned as the ratio of yields after 2 h of DM
oil extraction reported to the maximum oil extracted from
raw material with ASE.
RTO ¼ YDM;2h
YASE;RM
ð16Þ
However, to better highlight the comparative impact of DIC
texturing, we deﬁned a ‘‘Ratio of Improvement in total oil
Extraction (RIE)’’ as the relative increase of 2-h DM oil
extraction from DIC samples reported to the untreated mate-
rial (RM):
RIE ¼ YDM;DIC;2h  YDM;RM;2h
YDM;RM;2h
ð17Þand intensiﬁcation of texturing/grinding-assisted solvent oil extraction: case of
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Table 2 Results of date seed oil yields after Accelerated Solvent Extraction (ASE) and Dynamic Maceration (DM) extraction.
Run no P (MPa) t (s) YASE (% ddb) YDM2h (% ddb) RIE (%) RTO (%) dYs (% ddb) Deﬀ (10–12 m
2/s)
DIC1; 4; 7; 10; 13 0.5 45 14.154 11.312 0.244 1.000 9.928 9.280
0.022 0.038 0.005 0.002 0.050 0.160
DIC2 0.8 45 14.25 11.42 25% 101.03% 10.06 8.9
DIC3 0.5 70 14.2 11.31 24% 100.12% 9.86 9.7
DIC5 0.71 63 14.28 11.43 26% 101.03% 10.13 9
DIC6 0.71 27 14.24 11.27 24% 99.76% 9.82 9.1
DIC8 0.29 27 13.97 11.11 22% 98.33% 9.64 10.1
DIC9 0.29 63 14.15 11.1 22% 98.27% 9.57 9.2
DIC11 0.2 45 14.06 11.16 23% 98.74% 9.71 9.2
DIC12 0.5 20 14.08 11.29 24% 99.88% 9.85 9.2
RM – – 11.35 7.47 0% 65.81% 6.29 8.7
P: Saturated steam pressure (MPa).
t: Processing time (s).
YASE: Yields of extracted oil using Accelerated Solvent Extraction (ASE) (% ddb dry–dry basis).
YDM2h: Yields of extracted oil using Dynamic Maceration (DM) for 2 h (% ddb dry–dry basis).
RTO is the Ratio of Total Oil extraction: RTO ¼ YDM;2hYASE;RM;
RIE is the Ratio of Improvement in total oil Extraction:
dYs: Starting accessibility (% ddb dry–dry basis).
Deff: Effective diffusivity (m
2 s1).
RIE ¼ YDM;DIC;2hYDM;RM;2hYDM;RM;2h .
Phenomenological modeling of Solvent Extraction 7RTO and RIE reached values up to 101% and 26%,
respectively.
Analysis of variance (ANOVA) was carried out and
revealed by Pareto chart on the data using
STATGRAPHICS to identify the effect signiﬁcance of differ-
ent experimental factors on the dependent variables of Y1,
dYs, Deff, RTO, and RIE. In Table 2, oil yields are given versus
various DIC parameters, for both ASE (at 100 C, 1 MPa and
for 40 min as time extraction) and DM (at ambient tempera-
ture and for 2 h extraction time) methods.3.1.1. Effect of DIC parameters on ASE oil extraction yields
Let us ﬁrstly note that DIC saturated steam pressure in the
treatment vessel reveals the thermal level of treatment. The
optimization of DIC treatment conditions was based on ASE
yields (YASE) as the main response parameter (Table 2).
Pareto chart, General Trends, Response Surface and Iso-
Response for YASE oil yields from date seed powder were
determined and are shown in Fig. 4(A, B, C, D). In Pareto
chart histogram, the effect is considered as statistically signiﬁ-
cant if the corresponding factor crosses the vertical 5% signiﬁ-
cance line.
In these statistical limits, and the ranges of operating
parameters, the linear steam pressure P value was the most sig-
niﬁcant effect followed by linear effect of the treatment time t.
The favor effect of P and t on the operation is illustrated by
their positive values. Thus, in the considered ranges, the higher
the values of P and t, the higher the ASE extracted oil. The sec-
ond-order empirical regression model of ASE yields versus
DIC parameters had a regression coefﬁcient R2 = 0.88, which
means a good ﬁt with experiments.
YASE ¼ 13:59þ 0:62Pþ 0:012tþ 0:20P2  0:009Pt 0:00006t2
ð18Þ
where YASE is expressed in % ddb; P in MPa; and t in s.
From Eq. (18) in regression model, it was possible to opti-
mize DIC operating conditions and the highest value of the oilPlease cite this article in press as: Bouallegue, K. et al., Phenomenological modeling
date seeds (Phoenix dactylifera L.). Arabian Journal of Chemistry (2015), http://dx.yields of YASE = 14.29% ddb was achieved at P= 0.8 MPa
and t= 38 s.
3.1.2. Effect of DIC parameters on Dynamic Maceration (DM)
extraction kinetics
General results. Experimental results obtained from Dynamic
Maceration (DM) extraction of oil from date seeds are pre-
sented in Fig. 5. As expected, DIC texturing pretreatment
implied increasing of oil quantity in comparison with
untreated particles.
The yield obtained after 2 h extraction reaches a maximum
value of 11.28–11.42 ± 0.08% ddb for DIC treatments against
7.5 ± 0.05% ddb for controlled raw material. Oil yield of raw
material could increase versus time and the maximum value of
8% ddb were obtained after 8 h while a value of 11% was
reached after 24 h of extraction, whereas, the oil yield obtained
in 8 h of extraction of DIC textured seeds was 12% ddb. It was
clear that whatever DIC treatments, we could obtain in 30 min
the same oil yield as that occurred by raw material after 8 h of
dynamic maceration DM. We can deduce the efﬁciency of DIC
treatment in intensifying extraction kinetics from date seed
powder.
Starting accessibility and effective diffusivity. Table 2 shows
that the effective diffusivity Deff of the treated DIC textured
samples reached values of 8.9–10.1 Æ 1012 m2 s1, while it
was about 8.7 Æ 1012 m2 s1 for untreated sample (RM), which
means a great increase of kinetics.
DIC texturing treatment signiﬁcantly improved the starting
accessibility dYs by more than 71% to be up to 10.13% instead
of 6.14% ddb for untreated seeds.
Fig. 6 shows the signiﬁcant effect of DIC saturated steam
pressure and thermal treatment time. General trends and
Response surface were also relevant to illustrate the signiﬁcant
effect of the operating parameters. The second-order empirical
regression model of starting accessibility versus DIC parame-
ters was established with a regression coefﬁcient R2 equal to
0.78%, which is an acceptable ﬁt with experiments.and intensiﬁcation of texturing/grinding-assisted solvent oil extraction: case of
doi.org/10.1016/j.arabjc.2015.03.014
Figure 4 Effect of DIC parameters on the total ASE oil extraction yields of date seed powder: (A) Standardized Pareto Chart; (B) Main
Effects Plot; (C) Estimated Response Surface, and (D) Iso-Response.
Figure 5 Kinetics of oil extraction from various DIC textured
date seeds powder.
8 K. Bouallegue et al.dYs ¼ 8:67þ 1:918Pþ 0:0228t 1:35204P2
 0:00198Pt 0:000016t2 ð19ÞThe impact of DIC texturing as a speciﬁc pretreatment prior to
solvent extraction was very important compared to untreated
raw material. Thus, Deff values were 10.12  1012 against
8.7  1012 m2 s1 for DIC treated and untreated raw material,
respectively. However, Pareto chart histograms for effectivePlease cite this article in press as: Bouallegue, K. et al., Phenomenological modeling
date seeds (Phoenix dactylifera L.). Arabian Journal of Chemistry (2015), http://dx.diffusivity Deff show slowest effect of DIC parameters. This
means that the range of operative parameters was too focused.
Oil extraction yields. RSM study was performed with various
kinetic parameters versus DIC operating parameters P and t.
Pareto Chart obtained from experimental data of DM oil
extraction yields in Fig. 7, showed the signiﬁcant effect of satu-
rated steam pressure P and the treatment time t through its
interaction with P, whereas, t did not have a major inﬂuence.
General trends and Response surface were also relevant to
illustrate these signiﬁcant effects. Here too, the second-order
empirical regression model of DM yields versus DIC parame-
ters had a regression coefﬁcient R2 = 0.94%, revealing a
proper ﬁtting to experiments.
YDM;1 ¼ 12:27þ 1:3P 0:0005t 1:17914P2 þ 0:01Pt
 0:00004t2 ð20Þ
where YDM;1 is expressed in % ddb; P in MPa; and t in s.
The same optimized DIC parameters P= 0.8 MPa and
t= 70 s were obtained with maximum oil yields of DM
YDM;1= 13.01% ddb.
3.2. Impact of particle size on oil yields and kinetics
The second part of this study concerned the impact of grinding
and particle size on the ability of the oil extraction. ASE and
DM were used with different particle sizes (0.2–1.4 mm) of
powder from raw material and DIC textured samples.and intensiﬁcation of texturing/grinding-assisted solvent oil extraction: case of
doi.org/10.1016/j.arabjc.2015.03.014
Figure 6 Effect of DIC parameters on starting accessibility: (A) Standardized Pareto Chart; (B) Main Effects Plot; (C) Estimated
Response Surface, and (D) Iso-Response.
Phenomenological modeling of Solvent Extraction 9Measurements of ASE oil yields YASE and DM Oil yields
versus time were carried out and compared.
3.2.1. Oil yields
Final yields (YASE) in Table 3 showed that whatever the parti-
cle size, DIC treatments allowed ﬁnal oil extraction yields to be
always 30–50% higher than those obtained with untreated
samples.
With 8 h DM extraction, oil yield reached 10.49 ± 0.05%
ddb for the smallest particle size while it was only 4.57% for
biggest particle size. Even after 2 h DM extraction, it was pos-
sible to obtain the same or more oil yield from the smallest
particle size powder than in 8 h from the biggest particle size
powder. Indeed, DIC treated products allowed extracting in
two hours 11.62% ddb, which was higher than the amount
usually obtained after 8 h with the non-DIC pretreated raw
material (10.49% ddb).
Furthermore, in all cases of DIC textured powders, it was
possible to obtain after 30 min of DM extraction, the same
amount of oil that was obtained by DM extraction of 2 h from
the untreated product. To better highlight the comparative
aspect of our study, we compared the relative availability of
oil extraction from DIC samples with the untreated material
(RM) using the ‘‘Ratio of Improvement in total oil Extraction
RIE’’ as one of the main response parameters (Eq. (17)). RIE
average value of the RSM samples was about 27.4 ± 0.05%,
varying from 16% to 35% depending on particle size.
The Ratio of Total Oil extraction (RTO) (Eq. (16)) was also
used to deduce that, separately in both the situations ofPlease cite this article in press as: Bouallegue, K. et al., Phenomenological modeling
date seeds (Phoenix dactylifera L.). Arabian Journal of Chemistry (2015), http://dx.untreated and DIC treated powders, the smaller the particle
size, the higher the oil yield.
3.2.2. Kinetics of total extraction
All experimental results obtained from extraction kinetics of
DIC treated date seed powders (Fig. 8), show that decreasing
sample size implied increasing of oil quantity, which systemati-
cally were higher than untreated considered powders.
Thus, 2 h DM extraction allowed obtaining oil yields of
3.47% ddb for 1.4 mm particle. This amount was increasing
with decreasing particle size to become 9.54% ddb for the
smallest untreated seeds (0.2 mm). The same behavior was
observed with DIC treated seed powders. And when DM
extraction was performed for the same time, this value
increased from 4.67% to 11.62% ddb, respectively. The
highest improvement issued from DIC treatment was
revealed by RIE = 34.58 ± 0.05% for powders of 1.4 mm
particle size.
Obviously, oil yield was remarkably as higher as the parti-
cle size was smaller and much more when powders were DIC
textured. This can be attributed to the fact that the smaller
the particle size, the larger the speciﬁc surface area and the
shorter the mass transfer distance. The oil is being isolated
much more efﬁciently by reducing the particle size of the pow-
der. Furthermore, DIC texturing generates reduction of treat-
ment time, increases yields and improves extraction kinetics.
Higher extraction availability thus triggered should be due to
its possible disruption of cell walls where oil is located in date
seeds. So, larger contact area between solvent and material wasand intensiﬁcation of texturing/grinding-assisted solvent oil extraction: case of
doi.org/10.1016/j.arabjc.2015.03.014
Figure 7 Effect of DIC parameters on total DM oil extraction yield: (A) Standardized Pareto Chart; (B) Main Effects Plot; (C)
Estimated Response Surface, and (D) Iso-Responses.
Table 3 Oil yields from different particle size of date seeds.
Run size
(mm)
Yield % ddb
YDM,t=2h YDM,t=8h YASE RTO
(%)
RIE
(%)
0.2
DIC 11.62 13.39 15.20 102 22
RM 9.54 10.49 12.69 84
0.4
DIC 10.75 12.70 14.45 95 21
RM 8.89 9.55 11.94 78
0.6
DIC 10.27 11.58 13.75 90 32
RM 7.79 8.25 10.38 69
0.8
DIC 7.94 9.87 12.43 70 30
RM 6.1 7.24 9.49 54
1
DIC 5.45 8.51 10.19 48 16
RM 4.7 5.52 7.6 41
1.4
DIC 4.67 6.19 6.71 41 35
RM 3.47 4.57 5.32 31
Figure 8 Extraction kinetics of date seed oil.
10 K. Bouallegue et al.created and more oil extraction was appeared at the surface as
starting accessibility.Please cite this article in press as: Bouallegue, K. et al., Phenomenological modeling
date seeds (Phoenix dactylifera L.). Arabian Journal of Chemistry (2015), http://dx.The kinetic parameters of starting accessibility dYs (%
ddb), effective diffusivity Deff (m
2 s1), and DM yield Yt=2h
(% ddb) are summarized in Table 4 for different cases.
Experimental data should be utilized to identify the possible
models revealing (1) the whole improvement resulted from
DIC versus RM in terms of dYs and Deff; (2) the whole evolu-
tion of dYs versus the granule size D. Indeed, while Deff should
depend on various parameters such as D, availability of oil
inside the residual cells, and permeability and tortuosity of
the grain; a simpliﬁed empirical model of the startingand intensiﬁcation of texturing/grinding-assisted solvent oil extraction: case of
doi.org/10.1016/j.arabjc.2015.03.014
Figure 9 Empirical models of relative evolution of extraction
kinetics of DIC versus RM powders.
Figure 10 Empirical models of starting accessibility dYs versus
the particle diameter of DIC and RM powders.
Table 4 Starting accessibility dYs, effective diffusivity Deff, and oil yield after 2 h DM extraction Yt=2h for 1.4 mm and 0.2 mm
particle sizes.
D (mm) 1.4 1 0.8 0.6 0.4 0.2
RM dYs (% ddb) 2.53% 4.06% 5.15% 7.21% 8.16% 8.77%
DIC dYs (% ddb) 3.33% 3.62% 6.01% 8.73% 9.01% 10.29%
RM Deﬀ (10
12 m2 s1) 47 11.1 7.9 3.6 1.5 0.4
DIC Deﬀ (10
12 m2 s1) 62.4 20.8 10.6 5.8 2.9 0.7
Phenomenological modeling of Solvent Extraction 11accessibility versus D would exist to make global link with
both surface and diameter D. Indeed, since it is evident that
exchange area strictly depends on D, such model can get more
the following form:
dYs ¼ fðDÞ ð21ÞPlease cite this article in press as: Bouallegue, K. et al., Phenomenological modeling
date seeds (Phoenix dactylifera L.). Arabian Journal of Chemistry (2015), http://dx.The relative expression of DIC versus RM powders at
corresponding granulometry for both Deff and dYs offered
about 15% improvement factor with R2 of 0.99 and 0.95,
respectively (Figs. 9 and 10) (Eqs. (22) and (23)).
Deff ðDICÞ ¼ 1:1584Deff ðRMÞ þ 1:301 with R2 ¼ 0:98904
ð22Þ
dYs ðDICÞ ¼ 1:1517dYs ðRMÞ  0:0017 with R2 ¼ 0:9469
ð23Þ
These values of R2 translate the good relevance of both these
empirical models. The global impact of DIC versus RM would
be revealed by the fact that DM extraction time was 264 min
and 85 min for 1.4 and 0.2 mm diameter particle, respectively,
while for DIC samples extraction time was 122.5 for 1.4 mm
and 55 min for 0.2 mm particle diameter. The evolution of
starting accessibility dYs versus particle diameter was calcu-
lated as linear correlation models for both RM and DIC-tex-
tured powders, respectively.
dYs ðRMÞ ¼ 9:96ð1 171pDÞ% ddb with R2 ¼ 0:88274
ð24Þ
dYs ðDICÞ ¼ 8:86ð1 171pDÞ% ddb with R2 ¼ 0:9716
ð25Þ
where D is expressed in m and dYs in % ddb.
Both RM and DIC textured powders presented similar
behaviors in terms of starting accessibility evolution versus
diameter.
Well-optimized DIC treatment coupled with the most
realistic grinding operation should always present a very effec-
tive and relevant intensiﬁcation way for the solvent oil
extraction.
3.3. Fatty acid composition
The fatty acid methyl esters (FAMEs) composition of the oils
of the species is shown in Table 5. The most abundant fatty
acids of date seed oil were oleic (C18:1), linoleic (C18:2), pal-
mitic (C16:0), myristic (C14:0), and lauric (C12:0) which
together composed about 90–95% of the total fatty acids.
The major fatty acids found in those cultivars for DIC trea-
ted and untreated samples were similar. They were oleic acid
(47.81–53.14%, respectively), for Deglet Nour seed oil and
from 44.88% to 49.40% for Ftimi seed oil, followed by lauric
acid (21.03–25.66%), myristic acid (10.28–11.66%), palmitic
acid (9.11–10.53%), linoleic acid (7.05–7.80%), and Stearic
acid (3.10–3.63%). Behenic acid (0.42–0.51%) and Arachidic
acid (0.38–0.54%) were present in low amounts. These results
are in general agreement with those done by Besbes et al.and intensiﬁcation of texturing/grinding-assisted solvent oil extraction: case of
doi.org/10.1016/j.arabjc.2015.03.014
Table 5 Fatty acid proﬁle (relative %) obtained via gas
chromatography.
% Fatty acid proﬁle (relative %) of
seeds date
RM
(F)
DIC
(F)
RM
(DN)
DIC
(DN)
C8:0 – 0.30 0.18 0.32
C10:0 – 0.37 0.23 0.38
C12:0 15.64 23.84 18.32 21.68
C14:0 7.36 8.78 8.24 9.14
C16:0 9.65 8.13 10.72 8.44
C16:1 0.27 – – –
C18:0 3.29 2.56 2.77 2.78
C18:1 53.14 47.81 44.88 49.40
C18:2 10.28 7.69 14.29 7.45
C20:0 0.36 0.31 – –
C22:0 – 0.21 0.37 0.41
Saturated fatty acid (SFA) 36.22 44.5 40.83 43.15
Mono-unsaturated fatty acid
(MUFA)
53.41 47.81 44.88 49.40
Poly-unsaturated fatty acid
(PUFA)
10.28 7.69 14.29 7.45
DN: Deglet Nour variety.
F: Ftimi variety.
12 K. Bouallegue et al.(2004a), Nehdi et al. (2010), and Aris et al. (2013). This simi-
larity in fatty acid proﬁles of oils issued from RM untreated
and DIC textured treated date seed powders should reﬂect
the absence of any signiﬁcant degradation trigged by DIC.
Indeed, since DIC is a high-temperature short-time process
with an abrupt pressure drop toward a vacuum resulting in
instant cooling, optimized DIC treatment avoids any dis-
cernible thermal degradation.
4. Conclusion
A great impact of texturing by DIC on the intensiﬁcation of
solvent extraction of date seed oil was observed. The results
proved that DIC treatment had a positive impact on the oil
extraction yields. Furthermore, regarding the extraction kinet-
ics of different particle size of date seed powders, DIC treat-
ment increased more than twice the starting accessibility
while decreasing the effective diffusivity. Adequate Design of
Experiments (DoE) allowed the optimization of DIC texturing
parameters as saturated steam pressure P= 0.8 MPa and ther-
mal treatment time t= 70 s. Then, it was possible to propose
DIC as a pre-treatment texturing possibly coupled with grind-
ing as technology-assisted solvent extraction process. Both of
these modiﬁcations of the structure, when combined, greatly
increase the technological abilities.
This enables a reduction in thermal treatment time, com-
pared to traditional extraction, from 15 min to 20 s, with
higher extraction yields and a consequent preservation of the
product quality.
Further investigations about DIC treatment on both date
seeds and ﬂesh may reveal the presence of pharmacologically
active compounds, thus would enhance other important
income source for date growing macro economical impact of
concerned countries.Please cite this article in press as: Bouallegue, K. et al., Phenomenological modeling
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